The fire salamander (Salamandra salamandra) has been repeatedly noted to occur in natural and artificial subterranean systems. Despite the obvious connection of this species with underground shelters, their level of dependence and importance to the species is still not fully understood. In this study, we carried out long-term monitoring based on the capture-markrecapture method in two wintering populations aggregated in extensive underground habitats. Using the POPAN model we found the population size in a natural shelter to be more than twice that of an artificial underground shelter. Survival and recapture probabilities calculated using the Cormack-Jolly-Seber model were very constant over time, with higher survival values in males than in females and juveniles, though in terms of recapture probability, the opposite situation was recorded. In addition, survival probability obtained from Cormack-Jolly-Seber model was higher than survival from POPAN model. The observed bigger population size and the lower recapture rate in the natural cave was probably a reflection of habitat complexity. Our study showed that regular visits are needed to detect the true significance of underground shelters for fire salamanders. The presence of larvae was recorded in both wintering sites, especially in bodies of water near the entrance. On the basis of previous and our observations we incline to the view, that karst areas can induce not only laying in underground shelters but also group wintering in this species. Our study highlights the strong connection of the life cycle of fire salamanders with underground shelters and their essential importance for the persistence of some populations during unfavourable conditions and breeding activity. In addition, the study introduces the POPAN and Cormac-Jolly-Seber models for estimating of population size, survival and recapture probability in wintering populations of the species, which could provide important information for species conservation.
INTRODUCTION
Amphibians are ectothermic vertebrates dependent on external heat sources for maintaining the preferred body temperature (Willmer et al., 2000; Raske et al., 2012) and on humidity for the moist skin needed for respiration (Moore & Sievert, 2001 ). The winter period represents for them a considerable challenge, because mortality caused by freezing, desiccation or predation (Linder et al., 2003; Wells, 2007) can be significant, especially in populations occupying a marginal habitat (Feder & Burggren, 1992) . Winter dormancy has evolved as a direct protective behavioural response to changing seasons, as it removes an animal from environments with adverse low temperatures which can cause its death (Pinder et al., 1992; Vitt & Caldwell, 2013) . In terms of reptiles and amphibians, overwintering is secondarily also a response to changes in resource availability (Gregory, 1982) . Terrestrial amphibians usually overwinter in various wintering places, such as under rock outcrops, hollow trees, natural cavities found in clay deposits and gravel piles, or inside spaces under mats of vegetation (Wells, 2007; Vitt & Caldwell, 2013 temperature and high humidity, such as caves or mines (e.g., Baumgart, 1981; Bressi & Dolce, 1999) , and some are even referred to as troglobionts with the entire life cycle linked to these habitats. This type of natural history is particularly evident in the families Proteidae and Plethodontidae. Proteidae includes six species, only one of which -Proteus anguinus from southeastern Europe -is troglobiotic, while Plethodontidae, the largest family of salamanders in the world, comprises more than 240 species, from which nine taxa are troglobiotic species from North America (Gunn, 2004; Gorički et al., 2012) . However, most amphibians spend only a part of their lives in subterranean habitats intentionally or accidentally and are classified either as troglophiles or trogloxenes based on various criteria (Gunn, 2004) . Furthermore, underground environments play an essential role as thermal refugia not only during winter but also for the persistence of some amphibians during drought and warm summer periods (e.g., Cimmaruta et al., 1999; Ficetola et al., 2012; Rosa & Penado, 2013) .
The fire salamander (Salamandra salamandra) is a widely distributed temperate European species inhabiting a broad range of habitats (Degani, 1996; Griffiths, 1996; Steinfartz et al., 2000) . It has been repeatedly found during winter periods (OctoberApril) in various subterranean habitats across Europe and in some of them even several tens of adult individuals were aggregated (Feldmann, 1967; Baumgart, 1981; Bressi & Dolce, 1999; Balogová & Uhrin, 2014) , but no evidence of cave adaptations was found in these salamanders. In addition, this amphibian exhibits strong fidelity to such wintering sites; therefore, wintering fire salamanders can be regularly found at the same place during subsequent winter periods (Böhme et al., 2003; Manenti et al., 2009; Balogová & Uhrin, 2014) . Several studies have also confirmed the importance of these shelters for breeding activity in this species even when surface water is available nearby (e.g., Manenti et al., 2009; Manenti et al., 2011; Gorički et al., 2012; Ianc et al., 2012; Manenti & Ficetola, 2013; Limongi et al., 2015) . It has furthermore been assumed that they play an important role as hiding places with lower temperature and higher humidity during the active season and as feeding habitats, because appropriate invertebrate prey often occurs at the entrances of these shelters (Uhrin & Lešinsky, 1997) .
Despite the obvious importance of underground shelters for this species and the fact that it commonly spends a substantial part of its life cycle inside them, the view regarding the dependence of the fire salamander on these habitats is still underestimated, and the classification of the fire salamander into categories of cave-dwelling animals is controversial in published sources. There is a visible gradual progression in considering this species to be trogloxenous (Baumgart, 1981) to rather more troglophilous (e.g., Kováč et al., 2014 ). In the current study, we focused on longterm monitoring of two fire salamander populations wintering in a natural cave and in an artificial gallery based on the capture-mark-recapture method (CMR). The objectives of this study were (1) to evaluate population parameters and breeding activity of our observed wintering populations; (2) to investigate which kind of subterranean habitat (in our case natural cave or artificial gallery) is probably more appropriate for the wintering of fire salamanders and monitoring of their population trends; and (3) to evaluate the level of importance of underground shelters for the investigated species and its dependence on them.
MATERIAL AND METHODS
The survey was conducted in two wintering sites in eastern Slovakia: a natural cave (Bobačka; Spišsko-gemerský kras Mts.; 48°46. Bobačka Cave is a fluvial limestone cave with active water flow. It is 3,036 m long and 142 m deep (Kováč & Merta, 1991; Mikuš, 2000; Bella et al., 2007) . The cave entrance (dimensions of 50×80 cm) is closed by metal bars that do not impede crossing of smaller animals. Height of cave ceiling varies from approximately 1 m up to more than 6 m. Fire salamanders are annually wintering in the entrance corridor of ca. 20-30 m from the cave entrance only; no salamanders were recorded in deeper parts of the cave. This is an observation made during annual winter monitoring of bats conducted in almost the entire cave (Uhrin et al., 2010) .
Tichá Voda Gallery is a horizontal gallery composed of a tangle of corridors on two levels with a total length of approximately 350 m (Matis & Pjenčák, 2002 laboratory based on the database of photographs and codes of unique coloration on the dorsum of each individual (Opatrný, 1983) . Despite the previous suggestion that the dorsal spot patterns could in this species change (Balogová et al., 2016) , we assumed the reliability of this method and the absence of errors in identification based on the regular visits of the observed wintering sites. Each captured and recaptured individual was put into the dataset using binary capture categories (1 = captured, 0 = not captured). Sex determination was based on the external morphology of the cloacae and the presence of a receptaculum seminis in females (Francis, 1934; Opatrný, 1983) . The age structure of the populations was determined on the basis of total length of the individuals. Salamanders with total length of more than 15 cm were assigned to the adult stage, and smaller individuals were categorised as juveniles (cf. Baruš et al., 1992) . Breeding activity was detected on the basis of the presence of larvae in the bodies of water at the wintering sites.
The obtained data did not reflect a simple CMR study, because we were not sampling the total population "superpopulation") but only a fraction that was wintering in the underground shelters ("wintering population"). Furthermore, migration of individuals from "superpopulation" outside into "wintering population" was very strong. The total population size estimate and survival of "wintering population" was calculated using a simple Jolly-Seber model (Jolly, 1965; Seber, 1965; Gotelli & Ellison, 2013 ) modified according to the POPAN model, which takes migration into account (Cooch & White, 2016) . Further, we used the Cormack-Jolly-Seber (CJS) model (Cormack, 1964; Jolly, 1965; Seber, 1965) to estimate survival (Phi) and capture probability (p) for both wintering sites and all groups (females, males, juveniles). In contrast to the survival of "wintering population" derived from POPAN model, these parameters obtained from CJS model take in account whole "superpopulation". Four basic models ({Phi(t) p(t)};{Phi(.) p(t)};{Phi(t) p(.)};{Phi(.) p(.)}) (t -time-dependent, (.) -constant through time) were developed for estimating survival probabilities from the two samples and for each of the three age and sex groups. The best-fitting model, based on the Model Likelihood, corrected Akaike's Information Criterion (AICc), differences in AICc value from the best model (ΔAICc), AICc Weights and Deviance (see Cooch & White, 2002 , for details), was presented for each group.
The models were implemented using the MARK program (White & Burnham, 1999; Cooch & White, 2016) . In order to fit the model, we divided our continuous 4-year study period into four sampling intervals (winter periods), arbitrarily ranging from 1 October to 30 April. Between the intervals no sampling was done (spring-summer-autumn active period) and during wintering intervals between particular samplings varied in most cases (91%) from one to five weeks (always lasting one day), in two cases (Tichá Voda Gallery) 8-9 weeks and in one case it was 6 weeks in the Bobačka Cave. Based on this method, 24 one-day sampling occasions for the Bobačka Cave and 16 for the Tichá Voda Gallery were conducted and included in the analysis. In the case of the Bobačka Cave all intervals were set to "1" (representing the number of months passed from last sampling) except the intervals 5, 11, and 19, which were set to "8". In the case of the Tichá Voda Gallery the same was done for intervals 10, 12, and 14.
RESULTS
Overall we recorded 92 wintering salamanders (27 males, 29 females, 36 juveniles) in the Bobačka Cave and 56 (26 males, 18 females, 12 juveniles) in the Tichá Voda Gallery. In the Bobačka Cave we were able to catch 7.5 individuals on average (8.2% of the total number; min = 1, max = 22) and in the Tichá Voda Gallery 14.8 fire salamanders per inspection (26.4% of the total number; min = 4, max = 24).
The total size of "wintering population" was estimated on average to be 148.8 individuals in the Bobačka Cave with a density of 3.7 individuals per m 2 and 60.3 salamanders in the Tichá Voda Gallery with a density of 0.3 individuals per m 2 . Average survival of wintering individuals obtained by POPAN model was higher in males than females and juveniles in Bobačka Cave, but on the contrary it was higher in females than males and juveniles in the Tichá Voda Gallery (Table 1) .
A completely non-time dependent model {Phi(.) p(.)} was the best-fitting model (lowest AICc = 682.5293) in all groups (females, males, juveniles) and in both wintering locations.
Using CJS model, we recorded higher survival probability in males than females and juveniles at both wintering sites (Bobačka Cave: malesphi = 0.9795, SE = 0.0098; females -phi = 0.9488, SE = 0.0128; Tichá Voda Gallery: males -phi = 0.9864, SE = 0.0060; females -phi = 0.9785, SE = 0.0096, juveniles -phi = 0.9710, SE = 0.0189). In contrast to this, recapture probability was higher in females (Bobačka Cave: males -p = 0.0831, SE = 0.0170, females -p = 0.1485, SE = 0.0267; Tichá Voda Gallery: males -p = 0.4304, SE = 0.0360, females -p = 0.4394, SE = 0.0483, juveniles -p = 0.2513, SE = 0.0595). In addition, recapture probability was much higher in the Tichá Voda Gallery (~43% for males and females) than in the Bobačka Cave (~8% and 14% for males and females, respectively). In particular, we recaptured certain individuals (11 salamanders) more than seven times in the Tichá Voda Gallery, but in the Bobačka Cave we noticed a lower recapture rate where half of the individuals (46 individuals) were not recaptured (see Fig. 1 ).
In terms of breeding activity, we recorded the presence of larvae in both localities. In the Tichá Voda Gallery this was recorded in early and late March. Females laid larvae into water bodies near the entrance or into puddles only a few centimetres deep, situated more than 20 m from the entrance (Fig. 2A) . The latter was also the preferred location of adult individuals during the winter season in the gallery. In the Bobačka Cave larvae were present only in the water bodies of the entrance hall. 
DISCUSSION

Population data
The difference between the real number of wintering individuals found in an underground shelter and estimate population size predicted by the POPAN model was significantly higher in the Bobačka Cave than in the Tichá Voda Gallery, where difference amounted to only a few individuals. The higher number of estimated individuals compared to the real situation in the natural cave could be caused by the unavailability of salamanders for trapping. In contrast to the gallery (Fig. 2B) , salamanders could be hidden in deep crevices of the cave and thus unseen by the observers.
Our findings are consistent with those of Wagner et al. (2011) in two European anurans Bufo (=Pseudepidalea) viridis and Hyla arborea. They observed higher "superpopulation" estimates than simple population counts and suggested that the "superpopulation" approach is a useful population size estimator for amphibian species with "prolonged" breeding. Their study also showed that superpopulation estimates are unbiased but that accuracy can be low when either survival or detection probabilities (or both) are low. A similar superpopulation approach was also used for other taxa, such as the stream-breeding frog (Mixophyes fleayi) (Newell et al., 2013 , Quick et al., 2015 , the common toad (Bufo bufo) (Loman & Madsen, 2010) , tadpoles of the Iberian midwife toad (Alytes Average number of individuals -Average, 95% confidence interval -CI 95%. Table 1 . Estimates of population size, average survival and density of wintering individuals using the Jolly-Seber Popan model. cisternasii) (Ribeiro & Rebelo, 2011) , the snakenecked turtle (Hydromedusa tectifera) (Lescano et al., 2008) and asynchronously breeding birds (Williams et al., 2011) . Estimate of population size and density using CMR data and appropriate models was carried out also in other cave-dweling species occurring in North America such as the grotto salamander (Eurycea spelaea) (Fenolio et al., 2014) , the big mouth cave salamander (Gyrinophilus palleucus necturoides) (Niemiller et al., 2016) or the Tennessee cave salamander (Gyrinophilus palleucus) (Huntsman et al., 2011) . Appropriate models were probably chosen according to their lifestyle. These amphibians are closely tied to subterranean habitats and they did not form surface populations. It means that there was no migration between outside and cave population as we observed in our study. Therefore, the authors decided to use simple open and in one case closed population models in contrast to the super-population approach.
The survival and recapture probabilities for Salamandra salamandra were constant over time in all groups and both wintering locations, but the abundance can vary independently over the years. In fire salamander populations in western Germany and southern Switzerland, Schmidt et al. (2007) and Schmidt & Schaub (2014) recorded similar monthly survival probabilities consistently higher than 0.9. Furthermore, no pronounced differences in mortality within seasons were detected, with any survival differences observed between summer and winter.
It is clear that not all salamanders living in the study areas come to overwinter in underground shelters. However, in the case of survival probability this could imply that some individuals preferred to use the monitored cave and gallery as wintering sites over and over through the years. In general, males had a higher survival probability than females and juveniles, which may relate to their lifestyle and body fitness. Compared to females, who have to migrate in order to lay larvae, and to juveniles, who disperse into the field, males usually do not engage in such risky behaviour. Also, female fitness and ability to escape from predators are generally lower during gravidity. Regular using of wintering sites during winter period by salamanders could also imply higher survival probability obtained from CJS model compared with survival from POPAN model.
The recorded higher recapture probability in the Tichá Voda Gallery (Fig. 1) was probably a reflection of the fact that the overall population was smaller and almost completely marked. Furthermore, it could be also explained by already mentioned better visibility of individuals during monitoring due to higher homogeneity of the walls in contrast to the cave. Generally, we assumed that higher heterogeneity of habitat can cause greater underestimating of the wintering population of the fire salamander and thus more inaccurate results during monitoring of population trends. Our mark-recapture study showed that regular visits are necessary for detecting the true significance of underground shelters for this species, because occasional inspections can be greatly misleading and lead to underestimating in this respect.
Recapture probability was higher in females in both wintering sites compared to males and juveniles. The reason could be that females were more available for capture during our inspections. Balogová & Uhrin (2014) observed that most females were located freely in the corridor inside the Tichá Voda Gallery while males preferred crevices. The free position of females during wintering could probably be the result of searching for suitable bodies of water for laying larvae.
The higher number of recorded individuals as well as the higher estimate of population size in the Bobačka Cave in comparison with the artificial gallery implies that in our case the natural cave was a more appropriate habitat for wintering of the fire salamander. This could be the result of the already mentioned higher heterogeneity of this wintering site, which provided more suitable conditions with a lot of hidden places for wintering salamanders, or higher suitability of the outdoor environment which population inhabits outside the winter period. The high density of individuals in the Bobačka Cave reflects their occupancy of a smaller surface area than in the artificial underground shelter.
On the basis of presence of larvae in both wintering sites, we are inclined to agree with previous claims that the laying of larvae in underground shelters is not an accidental phenomenon but on the contrary, can be even favoured in karstic areas (Bressi & Dolce, 1999; Manenti et al., 2011) . The occurrence of fire salamander larvae in underground springs was recorded also in Romania (Ianc et al., 2012) , Italy (Bressi & Dolce, 1999; Razzetti et al., 2001; Manenti et al., 2011) and Slovakia (Uhrin & Lešinský, 1997; Balogová & Uhrin, 2014 , 2015 as well as in Portugal in the subspecies S. s. gallaica (Rosa & Penado, 2013) .
Despite suggestion that larval development in this environment can require more than eight months, it can also have big advantages, such as absence of predators, the constant thermal environment and water level, which allows development even during winter (Manenti et al., 2009) . Except the laying of larvae in March in the Tichá Voda Gallery, we also recorded the presence of larvae in November and January of the following year in another artificial gallery situated in the eastern part of Slovakia (Balogová, unpublished data) . These findings correspond with the study of Manenti et al. (2009) , who observed laid larvae in November and in May-April and December of the subsequent year. Manenti et al. (2011) assumed that accessibility of shelters and richness of macrobenthos belongs among the most important variables determining the presence of larvae. They also observed that the frequency of larvae was higher in water bodies near the cave entrances. Except for the presence of macrobenthos, which was not evaluated, the results of our study are in line with these predictions.
Ecology in subterranean habitats
To our knowledge there is one study by Schmidt et al. (2005) that used wintering aggregations of the fire salamander for demographic analyses using markrecapture data and appropriate models. However, most of the previous studies often provide inaccurate information in this regard or simple population counts (e.g., Uhrin & Lešinský, 1997; Bressi & Dolce, 1999; Ianc et al., 2012) . Studies that have observed wintering populations regularly are very rare (e.g., Feldmann, 1967; Baumgart, 1981; Schmidt et al., 2005) .
On the basis of the real number of wintering salamanders and estimates of population size we assume that the presented underground shelters belong among the significant wintering sites for the fire salamander in Europe. Generally, we incline to the view that karst areas induce not only laying in underground shelters but also group wintering in this species.
Importance of underground shelters for fire salamanders proves also the length of a period of their subterranean life lasting at least 180 days a year during wintering. However, also during their epigeous life they are hidden most of the time in various subterranean microhabitats (Baruš et al., 1992; Zwach, 2009) or even in the extensive underground shelters (e.g., Uhrin & Lešinský, 1997; Manenti et al., 2009) .
Fire salamander activity was recorded in an epigeous habitat from a minimal temperature of 3°C and high humidity (Seifert, 1991; Böhme et al., 2003) . The peak of activity varied in localities in a range of temperatures from 6 to 15°C (e.g., Bas Lopez, 1982; Blab, 1986; Seifert, 1991; Kuzmin, 1995) . Thiesmeier (1988) recorded the main migration of females during the period of larvae deposition in night time temperatures of at least 6°C in North RhineWestphalia, Germany. These recorded temperatures are in accordance with the average temperatures measured inside our observed underground shelters. These environments are therefore an appropriate habitat with suitable ambient temperatures and high humidity levels for this species.
On the basis of the close connection of some fire salamander populations to a subterranean habitat, we are of the opinion that the species is more troglophilous than trogloxenous according to standard Schiner-Racovitza classification, because it can breed and spend substantial part of its life cycle in underground roosts (Trajano, 2012) . According to reviewed classification (Sket, 2008) , the fire salamander best fits the category of subtroglophiles i.e., species that are intimately associated to the cave environments, but requiring the epigean habitats during some period or to complete some biological function. Furthermore, a stronger connection of some amphibian species to caves than hitherto suggested by their assigned biospeleological categories was observed by Lunghi et al. (2014) . For example, several epigeous amphibian species usually considered as trogloxenes or accidentals were frequently found in caves and had strong association to cave features.
Rather than the more popular term "hibernation", known especially in mammals, a more appropriate term for winter dormancy of fire salamanders in extensive underground environments of western and central Europe is probably "brumation" (e.g., Catenazzi, 2016) which even could have different physiological patterns (Wilkinson et al., 2017) . During brumation vertebrate poikilotherms are not asleep, they are less active and can survive a long time without food (Textbook Equity, 2014). Generally, amphibians experience an energy deficit during brumation and must therefore store energy during favourable periods of energy acquisition. In urodelans, lipids are stored in abdominal fat bodies, carcass and tail. Their highest amount is usually before winter dormancy and minimal after breeding in the spring and early summer (Fitzpatrick, 1976) . We already confirmed that adult fire salamanders show mobility during wintering (Balogová & Uhrin, 2014 ) and we also observed no feeding on invertebrate prey (Balogová et al., 2015) , although various species of invertebrate prey were previously detected at monitored wintering sites (e.g., Kováč et al., 2002 ; own unpublished observations). Salamanders had only skin remains in their stomach contents, which could represent another energy source for this species during wintering alongside the lipid storage. This stomach item can be easily obtained without high energy loss in contrast to active hunting of prey, which is often substantially limited underground in comparison to epigeous environment (Culver et al., 2004; Hüppop, 2012) . Therefore, we assume that salamanders cannot afford to spend energy on active hunting during this unfavourable time. An alternative food resource in the subterranean habitat was also recorded for example in the carnivorous species Eurycea spelaea, in which coprophagy during underground time was observed (Fenolio et al., 2006) . Last but not least, it is also possible that salamanders survive this dormancy period completely without eating because it is possible that undigested food during brumation could rot in the stomach and cause internal bacterial infection and possibly death. Several authors warned keepers of some reptile species against this situation (e.g., Mader, 2006; Mong & Tintle, 2013) . Stopped food intake in winter has also been recorded in another amphibian species (e.g., Banas et al., 1988; Kuzmin, 1992) .
CONCLUSIONS
The strong connection of the life cycle of fire salamanders with natural and artificial underground shelters and their essential importance for the persistence of some populations during unfavourable conditions and for their breeding activity was confirmed. Although these subterranean systems provide suitable environmental conditions for the investigated amphibian species, it must leave them for hitherto unidentified causes.
This study communicates the size, survival and recaptures probability of two populations of the fire salamander in close connection with underground shelters. Through investigation of regularly wintering group aggregations of the fire salamander using CMR method and population models (POPAN and CormacJolly-Seber models), important information for species conservation was collected. We assume that the proposed models may also be generalized to the long-term monitoring of other amphibian populations with a similar type of aggregated wintering as the fire salamander.
More than twice bigger population size in natural cave in comparison with the artificial gallery implied that in our case the natural cave was probably a more suitable habitat for wintering of the fire salamander as the possible result of the higher heterogeneity and suitability of this microhabitat or higher suitability of the outdoor environment which population inhabits outside the winter period.
Regular visits using the mark-recapture method are important for a reliable estimate of the number of wintering individuals in underground shelters, which could otherwise be significantly distorted by occasional inspections, particularly in natural caves. Furthermore, we propose that higher habitat heterogeneity can cause greater underestimation of the wintering population of fire salamanders.
